Abstract Functional domains are semi-autonomous parts of proteins. The Per-Arnt-Sim (PAS) domain functions as signal-sensor in two-component systems of several bacteria. This domain exhibits large sequence diversity and is linked to other co-domains to modulate their function. In the present study, we analyzed the PAS domains found in the proteomes of several actinobacteria representing a variety of niches. PASdomain containing proteins were identified with the HMMER program and characterized via an in silico approach. In general, the PAS proteins were found to be in the COG T (signal transduction) category implying their role was indeed in signal transduction. Most of the PAS proteins were found to be structurally conserved and moderately expressed. However, they showed a strong bias towards the lagging strand which may be a result of their involvement in adaptive evolution. A structure based phylogenetic analysis showed that PAS domains with similar interacting co-domains grouped together in a cluster irrespective of the bacterial genus from which they were identified. Thus, we may say that the association of PAS with its codomains is based upon the PAS domain structure and not on the sequence. 
Introduction
Protein domains are the conserved segments of a protein sequence that have their own compact tertiary structure, and are able to evolve and function independently from the remaining part of that protein (Shah et al. 2013) . A functional protein may contain several functional domains with their own specific functions, and conversely a particular domain may be present in different types of proteins (Dunham et al. 2003) . Conserved functional domains are present in virtually all life-forms ranging from prokaryotes to mammals Tian et al. 1997) . Some of the protein functional domains play a pivotal role in sensing the environmental as well as nutritional signals to provide bacteria a strong adaptive system (Huang et al. 1993 ). An analysis of domains in genomes could provide clues on their function within these organisms.
Bacteria often use a two-component (histidine kinase sensor protein and response regulator protein) system for sensing environmental signals and respond to them accordingly (Taylor and Zhulin 1999) . There are thousands of domains actively participating in various interactive pathways maintaining the sensory and thermodynamic signaling homeostasis (Kay 1997) . One example is the PAS (Per-Arnt-Sim) domain, which is mainly present in bacterial two-component systems and acts as a signal sensor for intracellular signaling (Hefti et al. 2004; Ponting and Aravind 1997) . The PAC (PAS-associated C-terminal motif) motif is approximately 40 amino acids long and proposed to contribute to the PAS domain fold (Taylor and Zhulin 1999) . The PAS domain is named after the three main proteins that it contains : Per-period circadian protein, Arnt-aryl hydrocarbon receptor nuclear translocator protein, Sim-single-minded protein . It was first identified by comparative sequence analysis of Drosophila, and found later in a large number of mammals . With few exceptions, PAS domains are generally 100-120 amino acids long, but have extremely divergent amino acid sequences (Huang et al. 1993) . In fact, they share as little as 20 % sequence identity . Genome size plays a role in the frequency of proteins containing PAS domains (Shah et al. 2013) . In bacteria, PAS domains are linked with other effector domains like HisKA (Histidine kinase domain), MA (Methyl accepting chemotaxis domain), GGDEF (Diguanylate cyclase), Response_reg (response regulator) etc., and have been found to modulate their functions (Narikawa et al. 2004) . The PAS domain appears to be an important component of bacterial systems playing a role in different events including signal transduction, chromophore formation, motility, sporulation, and nitrogen fixation (Taylor and Zhulin 1999) .
Frankiales is an actinobacterial order that was defined on the basis of 16S analysis (Normand et al. 1996) , and considered to have emerged from a group of soil and rhizospheric bacteria with high G + C percentage that contains ecologically diverse species (Thakur et al. 2013) . Based on a genome-wide analysis, we recently proposed to split Frankiales into four coherent orders: Frankiales, Geodermatophilales, Acidothermales and Nakamurellales (Sen et al. 2014) and to position it at the root of the aerobic actinomycetes radiation. In the present study, we considered members of these orders along with members of Mycobacteriales (both pathogenic and nonpathogenic) and antibiotic producing Streptomycetales. These selected actinobacteria represent almost all known biotopes, for instances, plant-associated symbionts Frankiales, animal-host associated Mycobacteriales, soil-inhabiting Streptomycetales, aquatic Nakamurellales, Acidothermales and extremophilic Geodermatophilales. The availability of these genome sequences in public databases has given us the opportunity to identify the PAS domain containing proteins. Our key intention is to characterize the PAS domains in selected actinobacteria and to reveal their role in maintaining the biological regulatory network for the homeostasis of the organisms.
Materials and methods

Background of the strains chosen for analysis
We chose selected actinobacteria belonging to the Frankiales, Geodermatophilales, Nakamurellales, Acidothermales, Mycobacteriales and Streptomycetales.
Frankia strains are generally classified in 4 clusters: Cluster I-Frankia which are infective on Alnus, Myrica, and Casuarina; Cluster II-Frankia from Rosaceae, Coriariaceae, Datiscaceae and Rhamnaceae; Cluster III-a group of promiscuous strains which are infective on Elaeagnaceae, Rhamnaceae, Morella and Gymnostoma and Cluster IV-atypical Frankia strains that are either unable to infect their host plant or will infect but are non-N 2 fixers.
The Geodermatophilaceae family consists of three genera: Geodermatophilus, Blastococcus and Modestobacter (Normand 2006) . They are mainly stone-dwelling bacteria that are also found in sea, soil, and desert (Chouaia et al. 2 0 1 2 ; N o r m a n d 2 0 0 6 ) . G e o d e r m a t o p h i l u s a n d Modestobacter can grow under high solar radiation (Gtari et al. 2012) and are more tolerant to desiccation, UV and gamma radiation than Blastococcus saxobsidens (Normand et al. 2012) . Acidothermus cellulolyticus has high cellulolytic activity (Barabote et al. 2009 ) while Cryptosporangium produces motile sporangiospores (Tamura et al. 1998) . The Nakamurellaceae family consists of genera Nakamurella and Saxeibacter which are aquatic, non-motile, bacteria (Gao and Gupta 2012; Tice et al. 2010) .
Members of the genus Mycobacterium consist of both pathogenic and nonpathogenic strains. M. tuberculosis CCDC5079 (Zhang et al. 2011) , M. leprae Br4923 (Monot et al. 2009 ) and M. intracellularae (Iwamoto et al. 2003) were deliberately selected as representatives of pathogens, while M. gilvum (Badejo et al. 2013 ) and M. vanbaalenii (Prasanna and Mehra 2013) are representatives of a nonpathogenic life style.
Regarding the Streptomyces genus, we have chosen 7 strains. Streptomyces avermitilis (Ikeda et al. 2003) , S. bingchenggensis (Wang et al. 2010) , S. cattleya, S. coelicolor (Bentley et al. 2002) and S. griseus (Ohnishi et al. 2008 ) represent antibiotic producers that are mainly present as saprophytes in soil (Thakur et al. 2013) . S. scabiei is a known plant pathogen that causes a scab disease in economically important roots and tubers (Bignell et al. 2010) while S. somaliensis is a human pathogen that causes actinomycetoma, affecting deep bone and conjunctive tissues (Kirby et al. 2012 ).
Retrieval of genomes
Thirty actinobacterial genomes were used in this study. Both genome and proteome sequences of the selected organisms were retrieved from IMG database (http://img.jgi.doe.gov/). Supplementary table (ESM 1) lists the studied strains with their total number of genes, the number of PAS proteins identified and their biotope. Information about the COG category (Tatusov et al. 2000) and strand variation property was also obtained from IMG database.
Identification of PAS domains
PAS domains show relatively little sequence similarity even within closely related species (Taylor and Zhulin 1999) . Therefore, the BlastP program was not suitable for identifying PAS domains. For this study, the HMMER 3.1b1 program (Eddy 1998) , that utilizes the hidden Markov model was used. In the Pfam database there are different links associated with PAS domains each for different numbers of PAS folds. Hence, we used the Raw Stockholm alignment format of PAS (PF00989), PAS_2 (PF08446), PAS_3(PF08447), PAS_4(PF08448), PAS_8(PF13188), PAS_9(PF13426), PAS_11(PF14598), PAS_5(PF07310), PAS_6(PF08348), PAS_7(PF12860), and PAS_10(PF13596) as our database in initial HMMER search. The Simple Modular Architectural Research Tool (SMART) (Schultz et al. 1998) , Conserved Domain Database (CDD) maintained by NCBI (MarchlerBauer et al. 2011) and Pfam server were also used to confirm the findings from HMMER analysis. PAS proteins, identified by all these algorithms were used for further analysis. We found a single PAS containing protein in M. tuberculosis (IMG Gene ID-651084145, locus tag-Rv1364c, annotation-hypothetical protein, Pfam domains present-PAS_4, SpoIIE, HATPase_c_2, STAS_2) via HMMER search, which was used as a reference sequence to select the PAS proteins from the other studied genera used in phylogenetic analysis.
General characterization of PAS genes
For the selected genomes, the Effective number of codons (ENc) (Wright 1990 ), GC3 (Guanine at 3rd position of the codons + Cytosine at 3rd position of the codons) values, Codon Usage and Codon Adaptation Index (CAI) values were determined as previously described (Sen et al. 2008) . Correspondence analysis (COA) on Codon Usage and CAI values were also determined via the CodonW (http:// codonw.sourceforge.net/) and CAI calculator 2 (Wu et al. 2005) programs, respectively. ENc measures synonymous codon usage for a gene within a particular genome by evaluating the usage of a small subset of codons in the target gene and in the genome and will thus reveal codon usage bias (Wright 1990) . Bacteria with a balanced AT/GC genome generally show a considerable amount of heterogeneity in their codon usage, which is associated with their gene expression level (i.e. highly expressed genes contain a higher frequency of translationally optimal codons) (Ikemura 1985) . Because of the high GC (total guanine and cytosine content) content of the selected organisms, ENc values and their corresponding GC3 (guanine at 3rd position + cytosine at 3rd position) values were correlated and plotted to determine the mutational pressure on the PAS genes (Wright 1990) .
COA on codon usage was determined by the CodonW program (Banerjee et al. 2004) and it was used to identify the major trends responsible for the variation of the data.
CAI measures the directional synonymous codon usage bias (Sharp and Li 1987) and uses a reference set of highly expressed genes from a species (ribosomal genes in our study). CAI Calculator 2 (Wu et al. 2005 ) was used for this calculation. CAI values provide information on the effectiveness of selection pressure for the codon usage pattern. CAI values of the PAS genes were plotted against the CAI values of total protein coding genes and ribosomal protein genes using GC3 as X axis and CAI as Y axis.
We were interested in determining any difference among the PAS proteins regarding their cellular localization. CELLO server (Yu et al. 2004 ) was used to retrieve the information about the localization of PAS proteins in the cell.
Phylogenetic tree construction
The single PAS containing protein of M. tuberculosis (mentioned in section 2) was used as a reference sequence for selecting PAS proteins from other genera under study to do the phylogenetic analysis. Using the BlastP algorithm, the best hit PAS protein sequences were selected for sequence based and structure based phylogenetic study. Protein sequences were aligned with CLUSTAL OMEGA (McWilliam et al. 2013; Sievers et al. 2011 ) which uses a multiple sequence alignment program based on seeded guide trees and HMM profile-profile techniques used to generate alignments between three or more sequences. Profile analysis is a useful tool to find and align distantly related sequences and is also useful in identifying known sequence domains in some new sequences. Basically, a profile is a consensus of a multiple sequence alignment using a position-specific scoring system to obtain information about the level of conservation at various positions in the multiple alignments. Thus it is a much more sensitive and specific method for database searching than pairwise method like BlastP. Profile HMM can represent a sequence family or sequence domain. The most common application of HMM-profile-profile technique is to compare HMM profiles and sequences. These types of comparisons are preferred to identify distant homologs than sequence vs. sequence comparisons. A phylogenetic tree based on the aligned protein sequences was built with Phylip-3.695 version software (http://evolution.genetics.washington. edu/phylip.html). A 16s rRNA gene based phylogenetic tree for the considered strains was also build using CLUSTAL OMEGA and Phylip-3.695.
Homology modeling and structure based tree construction
For structural predictions, 30 PAS proteins selected for sequencebased phylogeny were used. Each of the proteins contained one PAS domain along some other co-domains. The PAS domains were extracted through the SMART server (Schultz et al. 1998) . Homology modeling of the PAS domains was performed by the Modeller9v12 program (Eswar et al. 2008) . By the use of the steepest descent and conjugate gradient methods, errors present in the model were eliminated by energy minimization with a harmonic constraint of 100 KJ/mol/Å2 (ESM 8). We have used an in-vacuo process with the GROMOS96 43B1 parameters in the Swiss PDB viewer (Kaplan and Littlejohn 2001) . The structures were validated through the PROCHECK server (Laskowski et al. 1993) and Ramachandan plots were obtained. Structure alignment was performed through the MUSTANG server (Konagurthu et al. 2010 ) and the final structure-based phylogenetic tree (Fig. 2.) was built with Phylip-3.695 software using the PAS domain of Sinorhizobium meliloti (PDB id 1D06) as an outgroup.
We compared the PAS-domain-structure-based tree with the PAS sequence-based tree, 16S rRNA gene tree, the RAxML tree based on 54 uni-copy universal (UU) concatenated protein sequences (Sen et al. 2014) , and the tree based on the sequence of five universal MLSA proteins (namely, AtpI, GyrA, FtsZ, SecA and DnaK) (Sen et al. 2014 ). The last two trees (i.e. UU concatenated protein sequences tree and MLSA tree) were recovered from Sen et al. (Sen et al. 2014 ).
3 Results and discussion 3.1 Moderately expressed PAS genes are codon biased ENc vs. GC3 plots showed that most of the PAS genes were clustered at the lower right end of the plot along with the ribosomal protein genes (with some exceptions discussed later). A negative correlation between ENc and GC3 was observed (i.e. ENc value decreases with corresponding increase in GC3 value) (ESM 2). Thus the ENc vs. GC3 plot clearly indicates a significantly strong codon bias which may be due to selection of translational efficiency. This result also suggests that codon usage bias for the majority of the genes as well as for the PAS genes were affected independently of the overall base composition. However, correspondence analysis of codon usage indicates no significant differences between the total protein coding genes and PAS genes (ESM 3).
The distribution frequency of the CAI values for PAS genes revealed a bimodal pattern with around 49 % of the PAS genes having a CAI value between 0.6 and 0.7 and about 48 % of the PAS genes having a CAI value of 0.8 or above (data not shown, available on request). These results suggest that PAS genes are moderately expressed (ESM 4 plots the CAI values of selected actinobacteria representing their niche diversity).
Both the GC3% and GC% values of the PAS genes were not statistically different from the rest of the genome. For all of the studied bacteria, alanine encoded by GCC was the most favored amino acid and codon, respectively in both PAS genes (ESM 5) and total protein coding genes (data not shown).
Detection of some PAS genes as HGT
In both the Nc/GC3 and CoA analysis, the majority of the PAS genes clustered with genes of ribosomal genes. However in many strains, one or two PAS genes were situated, away from that cluster. These genes mainly encoded the following proteins: PAS domain S-box proteins (Frankia sp. CN3, Frankia sp. BMG5.12) diguanylate cyclase (Frankia sp. EUN1f, Frankia sp. Eul1c), PAS fold-4 domain protein, PAS sensor protein (Frankia sp. EUN1f), Histidine kinase/PAS fold, putative Twocomponent hybrid sensor and regulator (F. alni ACN14a), magnesium or manganese-dependent protein phosphatase (S. avermitilis MA-4680) and hypothetical proteins (S. coelicolor, S. scabiei, S. griseus) (ESM 6). Further analysis of all of these outlying genes revealed that their GC% and GC3 % values were lower than those of the rest of the PAS genes. The codon usage and amino acid usage patterns of those outliner genes were also found to be different from the rest of the PAS genes. Statistical analysis by the Mann-Whitney U test showed a difference between the correspondence analysis values of the outgrouped genes from the rest of the PAS genes at p ≤ 0.001 (Z-score was 4.97709). Previous studies have shown that genes with such atypical characteristics can be assumed to be horizontally transferred genes (Tsirigos and Rigoutsos 2005) . Thus, the mentioned differences indicate that these genes may be horizontally transferred genes.
Importance of PAS genes being present on lagging strand
The numbers of PAS genes present on the leading and on the lagging strands of each strain under investigation have been given in supplementary excel sheet ESM 7. A statistically higher number (p < 0.001, two tailed test) of PAS genes were found on the lagging strand of genomes than on the leading strand irrespective of the species (ESM 7). Bacteria generally have their important genes located on the leading strand of DNA to avoid the head-on collisions that would otherwise occur between replication and transcription mechanisms (Paul et al. 2013) . When compared to the co-directional collision occurring between DNA polymerase and RNA polymerase on leading strand, head-on replication transcription conflicts have been found to be more mutagenic. Hence, highly expressed house-keeping genes are mostly concentrated on the leading strand of DNA (Banerjee et al. 2004) . Genes on the lagging strand experience more non-synonymous mutations than genes on the leading strand (Paul et al. 2013) . This trait allows an organism to take advantage of this higher rate of mutation by adapting towards specific niche. One hypothesis proposed is that some bacteria with more genes on the lagging strand promote faster evolution through orientation-dependent encounters between DNA replication and transcription (Paul et al. 2013 ). The head-on orientation can be promoted by a positive selection mechanism and is apparent from the higher rate of convergent evolution in genes on the lagging strand. Thus, the genes on the lagging strand play significant roles in adaptive evolution. A simple switch in orientation can facilitate the evolution of genes in a targeted way (Paul et al. 2013) . PAS genes are mainly present on the lagging strand and may play a key role in bacterial adaptation through the higher rate of non-synonymous mutation. Fijalkowska et al. (1998) suggested that, lagging strand replication is more accurate than leading strand replication, which may be another reason why the majority of these important PAS genes are located on the lagging strand instead of on the leading strand. However, more research is needed to decipher the importance of genes present on lagging strands.
Majority (76 %) of the PAS genes whose functions could be determined and ascribed to a well-defined COG category were found to be associated with signal transduction (COG category-T), whereas, others were poorly characterized [COG category-R (10 %), S (14 %)] (ESM 7).
3D modeling of PAS domains
Homology modeling of the PAS domains revealed their structurally conserved nature (Shah et al. 2013) . In its core region, there were five antiparallel beta strands connected to each other by loops (ESM 8). Three to four alpha helices were present in the outer part of the core region, which may ensure that information will specifically transferred to the PAS core part (Scheu et al. 2010) . The Ramachandan plots obtained from POCHECK server (Laskowski et al. 1993 ) validated the structures. In the majority of the cases, more than 90 % of the amino acids were found in the allowed region.
Structure based phylogeny indicates a structure-functional association
Comparison of PAS structure-based tree ( Fig. 1) with the PAS domain amino acid sequence based tree (Fig. 2. ) and 16S rRNA sequence (Fig. 3) tree showed some major topological differences. Analysis of the PAS-domain-structure-based tree showed that members of each clade had a preferential association with some co-domains. For instance, all of the clade-I members had their PAS domain associated with the PAC domain (C terminal motif of PAS). In clade-II, PAS domain interacted with GAF (cGMP-specific phosphodiesterases), SpoII E (Stage II sporulation protein E domain). While PAS domains of the members of clade-III were associated with a number of co-domains like GAF, SpoII E and HATPase_C (Histidine kinase-like ATPase domain). In clade-IV, PAS domains were associated with GGDEF domain. Although members of clade-V came from different orders, all of their PAS domains were associated with GGDEF and EAL (Glutamate Alanine Leucine domain) domains. This trend continued in clade-VI where the PAS domain interacted with the HisKA, HATPase_C and Response_reg domains. For M. tuberculosis CCDC5079 PAS domain showed unique associations with the SpoIIE, HATPase_c_2, and STAS_2 which were not present in any of the other clades.
Thus, the clustering pattern of this tree seems to be totally dependent upon the functional interaction of PAS domain with its co-domains. Overall, this phylogeny based on a domaindomain association of the selected genes, regardless of the genus, supported our hypothesis that the 3-D structure of PAS domain may modulate the biological network and/or vice-versa. Jonathan and Crosson (2011) also reported similar results and proposed that the structure of the PAS domain grouped according to their ligand binding property and cellular localization property. However, a closer view of their structure-based phylogenetic tree also revealed that PAS domain structures with similar co-domains clustered together.
PAS domains of actinobacteria are mainly located in cytoplasmic region
The PAS proteins of actinobacteria were mainly located in the cytoplasm of the cell (ESM 9). Approximately 80.71 % were on cytoplasm, 17.8 % were membrane bound and 1.50 % was on extra-cytoplasmic part.
Proteins containing the transmembrane regions were found to be membrane bound. The number of PAS proteins found in the extracytoplasmic region of the cell was negligible. Thus, in contrast to results of Jonathan and Crosson (2011) , we found no significantly differences in the cellular localization pattern of PAS protein for these actinobacterial strains.
Domain-domain interactions maintaining the biological network in Actinobacteria
A key characteristic of proteins is their inter-domain interactions. The PAS domain generally works in an interactive way with the co-domains of the specific protein sequence (Taylor and Zhulin 1999) . For various genes and organisms, both the number and Fig. 1 A single tree based on the PAS domain structure. Sinorhizobium meliloti was used as outgroup. Co-domain association based clusters are clearly shown types of the co-domains differed. An examination of PAS domain interactions with its co-domains provided insight on the influence of environmental effects partitioning the microbes into four biotopic clusters.
A common pattern of association was revealed in the extremophilic actinobacteria cluster (consisting of Geodermatophilus, Blastococcus, Modestobacter, Cryptosporangium and Saxeibacter genera) where PAS domains were found to be associated with a number of codomains regulating diverse functions. For example, PAS-MA (Methyl accepting chemotaxis domain) association may help in bacterial motility, associations such as PAS-GAF-GGDEF, HisKa-PAS-GGDEF-EAL and PAS-GGDEF-EAL may regulate the microbial signal transduction , PAS-GAF-PP2C_SIG (protein phosphatase 2C domain) may remain associated with endospore formation and PAS-GAF-PHY (Phytochrome related domain) may be responsible for the bacterial phytochrome related activity. Previous researches (Bibikov et al. 2000; Kataoka et al. 1997; David et al. 1988; Stock et al. 1989, Aravind and have shown that PAS domains associated with these co-domains can regulate bacterial motility, phytochrome-related activity and other signaling cascade mechanisms.
Certain strains of Frankia form a nitrogen-fixing symbiotic association with woody actinorhizal plants (Normand et al. 2012) . For these Frankia strains, the majorities (97 %) of PAS domains were found to be associated with either HisKA, HATPase_C (47 %) or with GGDEF, EAL (50 %) and the rest 3 % were associated with SpoIIE, Response_reg, PAC etc. In Sinorhizobium meliloti RMFixL gene, PAS-HisKAHATPase_C association was proved to induce nifA and nifK genes which in turn can activate the nitrogen-fixing cascade under hypoxic conditions (Gonzalez and Gonzalez 2004) . In Rhizobium etli too, PAS-GGDEF-EAL association aids the Rhizobium-legume symbiosis (Gao et al. 2014) . Thus, the association of PAS with HisKA, HATPase_C or with GGDEF and EAL may help in Frankia symbiosis too. Transcriptomic data analysis of Frankia alni ACN14a (GSE18190) (Alloisio et al. 2010 ) also revealed that, the expression level of proteins bearing PAS-GGDEF-EAL and PAS-HisKA-HATPase_C is elevated under symbiotic conditions compared to free living conditions (ESM 10). These gene products werelocatedmostlyincytoplasmicpartof thecell andon Fig. 2 PAS domain amino acid sequence based tree the lagging strand (the reason of being so has already been discussed above). Thus, we postulate that the PAS domain associated with these co-domains may aid the bacteria in symbiotic association and in the nitrogen fixation process. Further proof of this idea requires experimental evidence beyond our bioinformatics results.
Among the free living Frankia strains, PAS domains were found to be associated with GAF, SpoIIE, Response_reg, GGDEF and EAL co-domains. In many free living microbes, both GGDEF and EAL actively participate in the secondary messenger pathway and act as cognate response regulator with sensory PAS domain (Simm et al. 2004; Taylor and Zhulin 1998) . The other co-domains may be acting in a similar manner as found as with other soil bacteria by maintaining the cell signaling cascade for some important events like signal transduction, chromophore formation, motility, sporulation etc. (Taylor and Zhulin 1999) . Thus, we theorize that Frankia, which exists in both symbiotic and free-living states, uses PAS-GGDEF-EAL association in a similar manner which is quite interesting and will be further explored later.
For both pathogenic and non-pathogenic Mycobacterium and antibiotic producing Streptomyces strains, PAS domains were mainly associated with GGDEF, GAF, SpoIIE co-domains. In non-pathogenic Mycobacterium and soil living Streptomyces, the role of the PAS domain appears to be quite similar to the role found with free living Frankia. However, PAS domains in the pathogenic Mycobacterial strains have been identified as potential drug target sites for the treatment of tuberculosis (Cui et al. 2009; Rickman et al. 2004) . PAS has been proposed to play an important role in stress regulation in host-associated Mycobacteria too (Jaiswal et al. 2010; Rickman et al. 2004) .
However, all of the above proposed mechanisms for PAS domains in the life styles of actinobacteria are still very hypothetical and require further research to support these hypotheses.
Conclusion
PAS are versatile domains found virtually in every form of life. Analysis of the selected actinobacterial genomes identified PAS genes as belonging to COG T category implying a role in signal transduction. A majority of the PAS genes were located on the lagging strand of genomes suggesting their involvement in adaptive evolution. PAS functional domains were in association with co-domains (e.g. GAF, HisKA, GGDEF, EAL, PP2C_SIG etc.) that appear to help in ecological adaptation via regulation of signal transduction. From analysis of the structure-based phylogeny PAS domains with similar interacting co-domains were found grouped together. Thus, the structure of PAS domains may determine its associating co-domains as well as biological network or vice-versa. PAS in collaboration with their co-domains appear to play a central role in specific niche adaption too. Our understanding of the biological roles of these PAS domains play in niche development is just beginning and will increase in the future.
